The thermo-mechanically induced microstructure changes occurring in a type 1 aluminized coating on hot press forming (HPF) steel were studied in detail. The formation of intermetallic phases at the soaking temperature prior to die quenching revealed that the coating matrix consists mainly of FeAl 2 intermetallic phase by the time the press forming carried out. Kirkendall void formation was observed to take place. The thermal oxidation of aluminized coating during HPF was found to be limited, with the coating acting as an effective barrier for the oxygen during heating. The deterioration caused by the high temperature plastic deformation was shown to lead to coating cracking without loss of adhesion. The steel surface was oxidized where it was exposed between the coating segments.
Introduction
Hot press forming (HPF), also known as hot stamping, press hardening or die quenching, is an alternative technology to produce ultra high strength steels (UHSS) with a tensile strength above 1 GPa for automotive bodies. HPF steels are mainly used in passenger safety-related anti-intrusion barrier parts, such as door impact beams, bumpers, pillars, roof rails, and tunnels. These anti-intrusion parts are increasingly being made of UHSS with a martensitic microstructure obtained by HPF. In the HPF process cold rolled coated steel blanks are heated in a gas fired furnace to a temperature in the range of 900-950°C for 3-10 min to achieve full austenization. The hot sheet steel is then fed in a forming press equipped with water-cooled dies which simultaneously deform and quench the part to a temperature below the martensitic transformation finish temperature M f , which is typically ϳ200°C. [1] [2] [3] [4] In earlier HPF technologies bare steel was utilized, and a thermal oxide scale was formed due to the high temperature oxidation during heat treatment. The scale was removed by chromium shot blasting, which left a thin film of chromium and iron on the surface, thus eliminating the need for re-oiling to prevent oxidation and corrosion.
2) Coated steel sheets are currently used in the HPF process instead of bare steel. The coatings prevent surface oxidation and decarburization, and enhance corrosion resistance.
A composite coating has recently been developed for HPF. 5) This 6-7 mm thin coating consists of a hybrid inorganic-organic matrix filled with aluminum particles and solid lubricants, which can prevent scale formation during heat treatment and largely reduce the friction during hot forming. This type of coating must be removed by sandblasting before further treatment because it cannot be resistance spot welded. Composite coatings with higher spot weldability and corrosion resistance are under development.
Al based and Zn based metallic coatings are currently widely used for HPF. Imai et al. 6) has studied the behavior of galvannealed HPF steels. A galvannealed coating typically contains a thin G intermetallic layer (Ͻ1 mm) and a thick d intermetallic layer. After the HPF process, the topmost layer consists mainly of Zn oxide. A Zn solid solution layer is formed at the coating/steel interface. It contains 20-30 wt% Zn. The galvanized coating has been reported to be utilized for as coating on a 22MnB5 HPF steel. 7) The oxide layer and ZnFe intermetallic layers become thicker as the heating time increases. The Zn rich oxides must be removed by an abrasive blasting in order to obtain adherent paint layers. After abrasive blasting, the intermetallic layer remains on the steel. This intermetallic layer causes the formation of fine cracks in cyclic stress condition. These cracks have been found to stop at the interface between coating and substrate steel under certain condition.
In the current contribution, the influences of the thermal cycle and the mechanical deformation on the type 1 aluminized coating during HPF will be reviewed. Two types of hot dipped aluminized coatings are in industrial production. Type 1 aluminized coating consists of an Al-Si alloy with a near eutectic composition (7-11 wt% Si). Its melting temperature is 577°C.
8) The Si addition in type 1 aluminized coating results in the formation of an inhibition layer Fe 2 SiAl 7 at the interface between coating and substrate steel. This layer suppresses the formation of Fe 2 Al 5 phase and generally delays the further formation of the intermetallic phases in service. The coating has excellent resistance to both corrosion and elevated temperature oxidation, as required in the application such as for e.g. automotive exhaust systems, heating boilers and cookers. Typical coating thicknesses range from 15 to 25 mm. Most of the HPF steels are coated with a 25 mm thick Al-10wt%Si type 1 coating. Type 2 coating consists of pure aluminum, and is used mainly for high reflectivity surface appearance, such as building cladding panels and ventilation systems. The typical thickness of type 2 coating is 38-60 mm.
9)

Experimental
The material used in the present study was cold rolled and continuous hot dipped Al-10wt%Si aluminized steel sheet of 1.6 mm thickness supplied by the POSCO Technical Research Laboratories. The steel chemical composition is given in Table 1 . The steel is a CMn steel with additions mainly of Cr and B. Carbon, an austenite stabilizer, is the most effective strengthening elements for martensite via the mechanism of interstitial solute strengthening. Weldability requirements limit the carbon equivalent to a maximum of about 0.5. A carbon content of 0.2 wt% C ensures the decomposition of austenite into a high strength lath martensite microstructure when relatively low cooling rates are used, providing B-additions are made. Mn is an effective hardening addition as it retards most austenite decomposition reactions. Cr is another strong hardenability agent, which effectively suppresses the bainite transformation. B is added to HPF steels to increase the hardenability by etarding the heterogeneous nucleation of ferrite at the austenite grain boundaries. Additions of Al and Ti are often used to avoid the formation of BN. AlN or TiN precipitates are formed as instead. TiN also suppresses grain growth. 10, 11) Rectangular specimens with dimension of 40ϫ150 mm were cut. Their weight was approximately 100 g. The specimens had large enough surfaces to minimize the effect of the increased weight caused by the oxidation of the cut edges during high temperature tests. The specimens were transferred to a box furnace with a stationary air atmosphere and kept at 930°C for 2-120 min. The specimens were then removed from the furnace and cooled in air to room temperature. The specimens were weighted before and after the heat treatment. The specimens were grinded and polished with a 1 mm diamond suspension. The cross sectional specimens were not etched in order to avoid the measurement errors introduced by the specimen topography. The cross sections were observed in a Zeiss Ultra 55 FE-SEM and analyzed by means of Energy Dispersive Spectroscopy (EDS) and Wavelength Dispersive Spectroscopy (WDS). The specimens were also analyzed by Glow Discharge Optical Emission Spectrometry (GDOES) to obtain elemental depth profiles. The GDOES analysis was carried out on a 4 mm diameter area. This gave an averaged elemental depth distribution rather than a more precise microanalysis as in the case of EDS or WDS. The aluminized steel sheets were also deformed at 800°C in a Gleeble 3500 thermo-mechanical simulator, and the deterioration of coating due to a uniaxial plastic deformation was compared to the deformation-free degradation. Figure 1 shows cross sections of the aluminized coating before and after holding at 930°C for different times. Figure 1(a) is the aluminized specimen prior to the heat treatment, while (c), (e) and (f) are the specimens heated at 930°C for 2, 5 and 8 min, respectively. The specimen cross sections were observed in the FE-SEM and analyzed by EDS. The composition of the phases indicated by the numbers in each figure is listed in Fig. 1 . The solid state reaction between the aluminized coating and the steel substrate above the liquidus temperature of the alloy coating has rarely been studied in the past. In the present study, the for- Fig. 1(a) ) was approximately 25 mm. The coating consisted mainly of an aluminum matrix and pure Si formed in the eutectic reaction during the cooling of aluminizing process. The peaks in the local Si content ( Fig. 2(a) ) indicate the presence of pure Si in the aluminum coating matrix. Phases with an elongated shape (point 1 in Fig. 1(a) ) and bright contrast were observed. Between the coating and the steel substrate a layer with bright contrast (point 2) was clearly visible. Its thickness was about 5 mm. Both the phases with the elongated shape and this layer were found to be Fe 2 SiAl 7 . At the interface between the intermetallic phase Fe 2 SiAl 7 and the substrate steel (point 3 in Fig. 1(b) ), a thin layer of FeAl 3 was also detected.
Results
Determination of Stoichiometry of the Intermetallic Phases
In Fig. 1 (c), the coating thickness is approximately 38 mm. In the coating, five distinct regions with different contrast were detected. The point 4 in the outermost part of coating, which had the darkest contrast and contained the highest Al content ( Fig. 2(b) ), was identified as pure Al. In the magnified figure ( Fig. 1(d) ) point 5, which had a darker contrast, was identified as the intermetallic phase Fe 2 SiAl 7 . From Fig. 1(c) , it can be seen that the surface consisted of pure Al and Fe 2 SiAl 7 . In Fig. 1 (d) the contrast at points 6 and 7 was brighter than at point 5. The Fe/Al average atomic ratio of point 6 obtained by EDS was close to 0.4 corresponding to the stoichiometry of the intermetallic phase Fe 2 Al 5 . The Fe/Al average atomic ratio at point 7 was close to 0.5 corresponding to the composition of the intermetallic phase FeAl 2 . The composition profiles of Fe 2 Al 5 and FeAl 2 intermetallic phases can be seen in Fig. 2(b) . In Fig. 1(c) , the regions with the brightest contrast (e.g. point 8) inside the FeAl 2 intermetallic were identified as Fe 2 SiAl 2 .
Figure 1(e) shows the specimen after a 5 min holding at 930°C. This condition corresponds to a typical industrial austenizing time prior to HPF. Compared to Fig. 1(c) , the coating had a more uniform contrast, as a result of the homogenization of Fe, Al and Si contents in the coating. Most of the coating consisted of the intermetallic phase FeAl 2 (point 11) with approximately 3 at% Si in solid solution ( Fig. 2(c) ). Some isolated intermetallic phases were still present in the coating, as indicated at the points 9 and 10. The intermetallic phase at point 9, close to the top surface and with a relatively darker contrast, was identified as Fe 2 SiAl 2 . The intermetallic phase at point 10, close to the substrate and with a brighter contrast, was identified as Fe 5 SiAl 4 .
Some coating features with a non-uniform contrast were observed. They contained both Fe 2 SiAl 2 and Fe 5 SiAl 4 as shown in Fig. 1(e) . Images taken at a higher magnification are shown in Fig. 3 . Comparing Fig. 3(a) with (b), it can be seen that the Fe 2 SiAl 2 phase grew in size with time. Comparing Fig. 3(b) with (c), it is clear that the Fe 2 SiAl 2 phase, which had a darker contrast, gradually transformed to Fe 5 SiAl 4 , which had a brighter contrast by Fe enrichment. Figure 2 (c) shows the composition profiles of both the Fe 5 SiAl 4 and Fe 2 SiAl 2 phases. Due to the gradual change of Fe content it was not possible to precisely separate the diffusion region from the substrate steel in SEM images (Fig.  1) . The diffusion region will be discussed in the following paragraph. From Fig. 2(c) it is clear that the thickness of the coating had increased to approximately 42 mm after a 5 min holding at 930°C.
After holding for 8 min at 930°C, the coating consisted mainly of FeAl 2 (point 14). Some intermetallic Fe 5 SiAl 4 was still present in the FeAl 2 matrix (points 12 and 13). The intermetallic phases grew larger and tended to form two separate layers parallel to the original coating/steel interface. The thickness of the coating was approximately 45 mm ( Fig. 2(d) ). Figure 4 shows the detail of the interface between the coating and the steel substrate. In Fig. 1(b) and Fig. 2(a) , the original interface between the coating and the steel substrate is sharp. As the specimen was heated for longer time the coating/steel interface became more diffuse (Figs. 4(a) , (b) and (c)). From Figs. 2(b), (c) and (d) it can be seen that the diffusion zone became thicker with increasing holding time at 930°C. In Fig. 4(a) the diffusion zone is not clearly visible because the thickness of the diffusion zone is only about 1 mm (Fig. 2(b) ). As time increases, this diffusion zone becomes thicker and more visible (Figs. 4(b) and (c) ). In the concentration profile of 2 min heated specimen ( Fig.  2(b) ), there is a 2 mm thin layer between the coating matrix FeAl 2 and the diffusion zone, which was identified as intermetallic phases Fe 2 SiAl 2 . Similar situation was observed in the specimens heated for 5 and 8 min (Figs. 2(c) and (d) ). The thin layers of intermetallic phase Fe 5 SiAl 4 were found at the interface between the coating matrix FeAl 2 and the diffusion zone. Due to the thin thickness and close contrast with diffusion zone, these intermetallic layers cannot be clearly seen in the FE-SEM micrographs (Figs. 4(a) , (b) and (c)). Kirkendall voids were observed in the diffusion zone. The Kirkendall voids became larger and merged at longer holding time.
Kirkendall Void Formation
Surface Porosity and Thermal Oxidation
In Fig. 1(a) , the original surface of coating can be seen to be flat without any pores. In Figs. 1(e) and (f), surface pores can clearly be observed at the surfaces of the coating. These surface pores became larger as the holding time increased at 930°C. Figure 5 shows the increased sample weight during holding at 930°C caused by thermal oxidation. It is apparent that the weight increment was very limited. This small increment of coating weight is very likely the result of a very limited coating oxidization, due to the fact that the oxygen did not diffuse deeply into the coating and the substrate steel was not oxidized, which can be seen from Fig. 6 that in 120 min oxygen only reached about 5 mm which is much less than the coating thickness (Ͼ25 mm). It can also be seen from Fig. 5 that initially the specimen weight increased slowly, while after 8 min the weight increased more 
Coating Cracking
Large cracks were observed in the coating (Figs. 1(c) , (e) and (f)) after holding at 930°C, prior to deformation. The cracks were found to initiate from the surface of the coating and stop in the diffusion zones (Figs. 1(e) and (f) ). The cracks did not reach the steel substrate. In HPF, the coated steel goes through a high temperature deformation process after annealing. During deformation, the brittle intermetallic phases will not deform plastically and break. Figures  7(a) and (b) show a comparison of the Al-10wt%Si coating for undeformed and deformed specimens. Figure 7 (b) is a specimen deformed to an engineering strain of about 30 % at a strain rate of 0.5/s. Compared with the undeformed sample ( Fig. 7(a) ) the coating on the deformed sample was seen to be broken into segments. Between the broken segments of the coating bare steel was exposed. The average length of coating segments was 280 mm. The average length of the exposed steel gaps between coating segments was 160 mm. The lengths of coating segments and gaps between the segments were shorter when the strain rate increased, i.e. the coating fracture pattern became finer at higher strain rates (Fig. 7(c) ).
In Fig. 7(d) the edge of a broken coating is seen to peel off from the steel surface and there is a thin layer of thermal oxide (1 mm) between the coating and steel substrate, which is highlighted by a white box in Fig. 7(d) . A small gap can be observed between this layer and substrate steel, which implies that this layer might easily peel off. EDS and WDS analysis revealed that this layer was FeO x .
Discussions
The composition of the intermetallic phases observed in the present work is shown in Fig. 8 . Based on the analysis presented in the previous paragraphs, the original Al-Si alloy coating is changed to a coating consisting mostly of intermetallic phases. The changes are the following. In the initial stage, the coating composition is Al-9.6at%Si (Al-10wt%Si), and an intermetallic phase Fe 2 SiAl 7 with a thin FeAl 3 layer is present at the coating/steel interface. During the next stage, the steel is transferred to the furnace and the temperature increases to 930°C. This temperature is higher than the melting point of the type 1 aluminized coating (577°C) and higher than the melting point of Fe 2 SiAl 7 . 8, 12) The coating melts, and the Si and the Fe 2 SiAl 7 intermetallic phase dissolves into liquid aluminum. A Fe-Si-Al liquid solution is formed. Fe diffuses into the coating and reacts with the liquid alloy coating, and then the coating gradually becomes rich of Fe. Fe 2 SiAl 7 ( Fig. 8) can be formed during cooling at this stage, and the Si content changes slightly from 9.6 at% in the coating to 10 at% in the intermetallic phase. As holding time increases, more Fe diffuses into the coating. (Fig. 8) . In the final stage, the Fe 5 SiAl 4 phase continues to grow larger with time ( Fig. 3) . It is clear that the changes in the coating are essentially due to the formation of intermetallics with an increasingly higher Fe content. This process is driven by the diffusion of Fe. The intermetallic phase identification in the present study was compared with references and the results are listed in Table 2 . The intermetallic phase Fe 2 SiAl 7 (points 1, 2, 5 in Fig. 1 ) has been reported as the t5 phase in previous publications. 9, 13) The purpose of Si addition in type 1 aluminized coating is to form a Fe 2 SiAl 7 inhibition layer at the interface between coating and substrate steel. The presence of this inhibition layer can suppress the formation and growth of intermetallic compounds FeAl 3 and Fe 2 Al 5 which impair coating adherence and formability. 14) A thin FeAl 3 layer was observed at the interface between Fe 2 SiAl 7 inhibition layer and steel substrate. This is in agreement with previous work.
9)
The coexistence of Fe 2 Al 5 and FeAl 2 was observed in the specimen after holding at 930°C for 2 min (Figs. 1(c) and (d)). This coexistence has also been reported by Suehiro et al. 15) who studied the thermal degradation of an Al10wt%Si coating on HPF steel at 950°C. They indicated the intermetallic phases on a calculated ternary phase diagram with the composition obtained from EDS. They reported that after 30 s heat treatment the coating consisted of five separate sub-layers, from surface to steel: Fe 2 Al 5 , an ordered BCC phase, FeAl 2 , a second ordered BCC phase, and a disordered BCC phase. Whether pure Al was present at the coating surface after a short 30 s heating was not reported. The presence of Fe 2 Al 5 was also reported by Jenner et al. 16) who studied solid phase reaction of a type 1 coating heat treated at 925°C for 9 min. The presence of FeAl 2 was not reported. Wang 17) reported the presence of both FeAl 2 and Fe 2 Al 5 as two separate phases in a type 2 aluminized coating heated at 750°C for 2 h. The same authors reported the absence of Fe 2 Al 5 after heating at 950°C for 2 h. In the work of Chang et al., 18) the heating of an Al-7wt%Si coating at 850°C for 10 min was reported to result in the formation of FeAl 2 and Fe 2 Al 5 two phases. In the present work FeAl 2 and Fe 2 Al 5 were found as two separate phases, and Fe 2 Al 5 was transformed to FeAl 2 . None of the references mentioned above have reported the evolution of Fe 2 Al 5 to FeAl 2 as a result of progressive Fe enrichment.
The presence of Fe 2 SiAl 2 was observed in the specimen after holding at 930°C for 5 min (Fig. 1(e) ). A similar observation was made previously by Jenner et al., 16) who did not report that this phase eventually disappeared when the holding time was increased as was observed in the course of the present work. The stoichiometry of this t1b phase has also been reported in an alternative manner by Li et 18) has indentified this phase as t1 phase with composition of 30 at% Fe, 22 at% Si and 42 at% Al. In the present study, both Fe 2 SiAl 2 and Fe 5 SiAl 4 intermetallic phases were present in the FeAl 2 matrix after holding at 930°C for 5 min (Fig. 1(e) ). In the work of Suehiro et al. 15) the coating was reported to change gradually to two sub-layers after heating for 5 min at 950°C: an ordered BCC phase and a disordered BCC phase. The stoichiometry of these two phases was not given.
The intermetallic phase Fe 5 SiAl 4 was observed to appear in the specimen after holding at 930°C for 5 min (Figs. 1(e) and (f)). This intermetallic phase is very likely the same as the one reported previously by Kubalova et al., 19) who reported it as the FeAl 1Ϫx Si x phase containing 25 at% Si.
The coating/steel interface is sharp in aluminized specimen ( Fig. 1(b) ). The interface became more diffuse (Figs.  4(a), (b) and (c)) as the holding time increased. This is due to the formation of an interfacial diffusion zone (Figs. 2(b) , (c) and (d)). The concentration profiles of Fe, Al and Si in the diffusion zone are shown in Figs. 9(a), (b) and (c). With increasing the holding time at 930°C, more Fe, Al and Si diffused into the diffusion zone and this diffusion zone became thicker. In Fe-Al binary alloys, 20) Al addition closes the g-loop at a concentration of 2 at%. At this Al content a Fe-Al alloy is fully ferritic and there is g to a phase transformation when the Al content increases in the diffusion zone and form a Fe-Al alloy with an Al content in excess of 2 at%. In the Al diffusion profiles of Fig. 9(b) , most of Al content is higher than 2 at%, and Si is also present in the diffusion zone (Fig. 9(c) ). As Si is also a strong ferrite stabilizer, the diffusion zone is expected to be fully ferritic. In the present study the diffusion can be considered to occur between the steel substrate in the FCC austenitic state and the coating matrix FeAl 2 (Monoclinic) with, in between both phases, a thin BCC ferritic alloy enriched in Al and Si.
The relation between the concentration and the diffusion depth can be expressed as follows. Where M is the number of atoms per unit area, D is the diffusivity at a constant temperature, t is the diffusion time, and C is the concentration at position x. For the diffusion within a certain time, D · t will be a constant and hence the first term in Eq.
(1) will be constant. This leads to a linear relationship between ln C and x
2
. The diffusivity can therefore be calculated from the slope of the diffusion profile in an ln C versus x 2 plot by least square fitting. Ϫ10 cm 2 /s, respectively. Hence the diffusivity of Fe (D Fe ) is almost 14 times larger than Al (D Al1 ), which means there will be a large mass imbalance during the diffusion. Due to this imbalance, vacancies will be formed and accumulated in the diffusion zone. These accumulated vacancies coalesce and form the observed Kirkendall voids (Figs. 4(a) , (b) and (c)). As time increased, the mass imbalance became more severe, and the Kirkendall voids thus became larger, eventually merging to form larger cavities. The diffusivity changing position was approximately 3.3 mm to the top of the diffusion zone (11 mm 2 in Fig. 10(b) ). The position of the observed Kirkendall voids is in good agreement with this value. The reason why the diffusivity of Al is different respecting to different Al content needs further investigation. It is noteworthy that in the present study the diffusivity of Fe was found to be larger than the diffusivity of Al. In previous reports focusing on the interdiffusion of Fe and Al in the Fe-Al binary system, 22, 23) it is usually reported that the Al diffusivity is larger than that of Fe. The unusual observation made in the course of the present work is not yet fully understood and it is very likely related to the fact that Si affects the diffusivities of Fe and Al.
The increased surface roughness and formation of surface pores in Fig. 1 were already mentioned in previous paragraphs. The surface of aluminized specimen was initially flat and without any surface pores. The surface flatness of the specimen held at 930°C for 2 min changed by the formation of intermetallic phase Fe 2 SiAl 7 ( Fig. 1(c) ). For the specimens held for 5 and 8 min at 930°C, the surface roughness was mainly due to the formation of surface pores. As the holding time increased the surface pores became larger and surface roughness increased considerably (Figs. 1(e) and (f)).
It was reported that at high temperature the intermetallic phase FeAl reacted with moisture to form Al 2 O 3 and H 2 (Eq. (2)). The porosity was formed due to the evolution of H 2 gas. 24, 25) In the present study a similar surface porosity phenomenon was observed. It is not unlikely that the increased roughness might be related to the presence of H 2 generating from the reaction between intermetallic phase and water vapor. The formation of surface pores needs to be further investigated in more detail.
A clear difference of the surface oxidation before and after an 8 min holding at 930°C (Fig. 5) was observed in the present study. The reason for this could be that at the start pure Al reacted with O 2 to form Al 2 O 3 . As time increased the liquid Al alloy coating gradually changed to a solid intermetallic phase, and the intermetallic reacted with water vapor to form Al 2 O 3 and H 2 . Surface pores were thereby formed, which gradually became larger. The reaction area was thus gradually increased, which would enhance the reaction between the intermetallic phase and moisture. When
this effect became more pronounced the oxidation was enhanced. This may explain why there is a plateau in the weight change data in Fig. 5 and that after 8 min the specimen weight increased more rapidly. The O depth profiles shown in Fig. 6 reveal very high O concentration in the outermost parts of the coating. This is very likely an error resulting from the surface roughness. The calculation of the O diffusivity at 930°C is shown in Fig. 11 ,
The cracks in the undeformed specimens ( Fig. 1 ) were very likely caused by the different thermal expansion coefficients of the intermetallic compounds formed in the coating and steel substrate. The crack tips were found to stop in the diffusion zones (Figs. 1(e) and (f)), which might be because that the thermal expansion coefficients of the diffusion zone is close to the substrate steel. The segmentation of the deformed specimens was due to the difference of mechanical properties between the intermetallic coating and the substrate steel. Mckamey et al. 25) studied the influence of atmosphere on the mechanical properties of intermetallic phase FeAl at room temperature. He reported that the total elongation of intermetallic phase FeAl in moisture atmosphere is about 2.2%, but when tested in an O 2 atmosphere the total elongation was 11.3 %. This phenomenon was explained as hydrogen embitterment due to the reaction of H 2 O with Al which generated H atoms. Whether the environment moisture has any effect on the mechanical properties of the coatings on HPF steels needs further investigation.
In the segmented coating ( Fig. 7(d) ) it can be seen that the edge of the coating segment broke at the interface between substrate steel and the diffusion zone, which means that the diffusion zone is more coherent with the coating matrix than the substrate steel. It can be seen that except its edges the segmented coating was still had a strong adhesion to the substrate steel.
Conclusions
During the HPF process, the original Al-10wt%Si coating reacts with the steel substrate and forms complex intermetallic phases. These original intermetallic phases evolve to the phases with a higher Fe content as the holding time increases. Meanwhile, the coating thickness increases, Kirkendall voids are formed at the coating surface and the surface roughness increases. In addition Kirkendall voids appear in the diffusion zone and cracks are formed in the coating. The intermetallic coating can still prevent the substrate steel from oxidation if it is not fractured. Plastic deformation caused the segmentation of the coating, and a thin FeO x oxide layer is formed at the exposed steel surface.
In summary there are two challenges facing the use of in type 1 coatings on HPF steels. The coatings become brittle and cannot resist a tensile deformation. The coating adhesion to the substrate steel remains excellent but the coating segmentation exposes the bare steel and results in the thermal oxidation of the steel. It is therefore imperative to remove the intermetallic coating after HPF for the reasons of weldability and phosphating. The reason is that the presence of Al 2 O 3 and surface Fe oxides make the resistance spot welding difficult and lead to poor phosphating performance.
